We propose and demonstrate a new multiwavelength Brillouin-Raman fiber laser with switchable 10 and 20 GHz spacing. This is achieved by proper adjustments of optical coupling ratios that are incorporated in the design that consists of an enhanced nonlinear amplifying fiber loop. By utilizing a 50/50 coupler, 443 flat amplitude channels with 10 GHz spacing is realized. On the other hand, a 99/1 coupler is feasible for 20 GHz spacing that yields 215 lasing lines. In both cases, the average optical signal-to-noise ratios (OSNR) are 16.5 dB (50/50 coupler) and 24 dB (99/1 coupler). Wide multiwavelength bandwidth, flexible wavelength spacing, and high number of channels with excellent OSNRs are achieved using only a single Raman pump unit through a simple construction.
Introduction
The exploitation of nonlinear optical effects has been utilized efficiently in the construction of multiwavelength fiber lasers [1] - [4] . Amongst these, the Brillouin-Raman effect has been regarded as one of the best solutions with several important advantages [5] - [8] . These include stable multiwavelength operation at room temperature with extremely broad workable wavelength band. A number of attempts have been carried out to optimize the performances of multi-wavelength BrillouinRaman fiber laser (MBRFL) especially number of channels [6] , [7] and flat-amplitude bandwidth [5] , [9] , [10] . Other important characteristics of concern are optical signal-to-noise ratio (OSNR) [11] , [12] , channel spacing [6] , [13] - [15] , and stability [16] . Nevertheless, one of the major challenges is to achieve uniform Stokes lines over a wider bandwidth domain [9] . Although utilizing multiple Raman pump sources is a feasible method of achieving this, it introduces higher cost and complexity. Wang et al. managed to circumvent this issue by utilizing only a single Raman pump unit when combining the active dispersion compensating fiber (DCF) as the Brillouin-Raman gain medium together with the passive single mode fiber (SMF) [5] . The additional spectral reshaping scheme introduced by the latter fiber is employed to enhance the Rayleigh scattering effect on the Stokes comb. This leads to the generation of over 500 Stokes lines at 10 GHz spacing. However, the need for a tunable and flat amplitude bandwidth becomes more crucial with the advent of wider-spaced MBRFL.
In our earlier work that implemented an 11 km length DCF with an inclusion of 30 cm strand Bismuth-Erbium-doped fiber [6] , a MBRFL with 20 GHz spacing is reported which yields 195 Stokes lines with 26 dB OSNR. In the same setup that employs only 7.2 km length DCF [7] , investigations on Raman pumping distribution around Bi-directional and 100% forward directions are completed. In this case, the implementation of symmetrical coupler is the best choice when the optimization of 20 GHz spacing is the subject of main objective. This yields reasonably 212 flat amplitude channels with outstanding OSNR and Stokes peak power of 27.5 dB and −10 dBm correspondingly. However, previous researchers have also presented different discrete configurations for single and double wavelengths spacing [5] - [8] , [10] , [17] . This opens up the exploration of determining specific methods for acquiring multi-wavelength design flexibility and functionality within an individual architecture. Hence a MBRFL source with switchable wavelength spacing capability (10 and 20 GHz spacing) is highly desirable although this will inadvertently increase the difficulty of obtaining wider uniform bandwidth.
In order to resolve this conundrum, for the first time we propose a new cavity design that utilizes an enhanced nonlinear amplifying fiber loop (NAFL). This kind of configuration consists of a distributed Raman amplification medium inside a loop without employing any additional mirror at the end of the cavity. This is because the placement of a visible mirror inside the feedback mechanism, introduces 10 GHz spacing generation at all pump coupling ratios [8] . This favors exceptional performances around 300 mW pump power level, but leads to spectral broadening that deteriorates the OSNR quality at higher power scales. Instead of these, the NAFL utilizes Rayleigh scattering effects as a virtual mirror that tailors the generation of Brillouin Stokes lines (BSL) when pumping at a Watt power level. With reference to other earlier reports [5] - [8] , the main achievements of this research work are not only to introduce novel improvements to number of channels, flatness, OSNR, and wavelength operation. Alternatively, the successful demonstration of the laser structure for switchable multiwavelength operation for 10 and 20 GHz spacing in a single device footprint is the main interest. This is best described with the specific selection of 50/50 and 99/1 couplers at optimum values of Brillouin pump (BP) power, BP wavelength, and Raman pump power (RPP).
Experimental Setup
The schematic diagram of the MBRFL structure that incorporates an enhanced NAFL is outlined in Fig. 1 . Its main element of pumping separation as represented by the variable optical coupler (VOC) is realized by incorporating a set of single-mode fiber component that individually introduces different fixed coupling ratios, CR. These are done by dividing the input signal coupling at port 3/4 with several proportions of 1/99, 5/95, 20/80, 30/70, 50/50, 70/30, 80/20, 95/5, and 99/1. The corresponding couplers are manufactured by Oplink communications and have return and directivity losses of more than 55 dB with different insertion losses with respect to their splitting ratios. For instance, a maximum of 3-dB loss is attributed to the 50/50 coupler and the rest indicates a lower loss than this value. The VOC essentially forms a fiber loop by including a 7.2 km long DCF. This specific fiber behaves as a hybrid Brillouin-Raman gain medium with a nonlinear coefficient of 7.3 (Wkm) −1 and an effective area of 20 μm 2 . The wavelength selective coupler (WSC) is used to combine a 1455 nm Raman pump unit (RPU) that has a maximum power of 1000 mW to the nonlinear oscillator. In addition, the BP is provided by a tunable laser source (TLS) that has a 200 kHz linewidth. Its wavelength tunability varies from 1520 nm to 1620 nm and its output power range is from around −3 dBm to a maximum of 5 dBm. This device is coupled to the input port of the VOC through an optical circulator C 1 . Moreover at another VOC fiber end, an isolator (I) is used to prevent any back-reflected signal into the NALF that might disrupt the stability of laser operation. No any visible feedback scheme is included next to this device in comparison to the Fig. 1 . Cavity design by utilizing an enhanced NAFL without a mirror next to the isolator. P 1 and P 2 , P t and P r : Signal powers where indexes 1 and 2 indicate partial input beam and indexes t and r represent the transmitted and reflected output power respectively. previous assessment [8] . The results obtained are evaluated by employing two optical spectrum analyzers (OSA1 and OSA2) with a resolution bandwidth of 0.02 nm at two different output terminals as depicted in Fig. 1 .
Results and Discussions
Before initiating further discussions on the operation principles of the NAFL and the corresponding results, a brief theoretical investigation of this structure based on the nonlinear amplifying loop mirror (NALM) approach [18] is presented first. As the NALM concept already represents the foundation for NAFL functions, we only mention about the latter design for the whole discussion in this report. As mentioned earlier, the lasing feedback in NAFL is mainly initiated by Rayleigh scattering without the inclusion of any additional broadband mirror in the enhanced setup that is described in [8] . As shown in Fig. 1 , an input signal from TLS (P i n ) is injected to port 1 of the VOC and splitted by this component with the splitting ratio of α/(1 − α). This generates two partial signals with power levels for the clockwise (CW) beam, P 1 = αP i n and for the counter-clockwise (CCW) beam, P 2 = (1 − α)P i n . In the entire analysis, the numerator of CR denotes the fraction of power at port 3 and the denominator implies the fraction of power at port 4. Together with the inclusion of a Raman pump source, both signal powers of P 1 and P 2 counter-propagate through the DCF, thus experiencing distributed Raman amplification. In this case, the Raman laser serves as a forward pumping source for signal power P 1 such that the gain decreases along the fiber and it also acts as a backward pumping source for signal power P 2 in which the gain increases along the fiber. After a cavity round trip, these amplified interacting waves acquire different power levels through self-phase modulation (SPM) in the NAFL. This can be expressed as [18] ,
where the relation between the Brillouin input power to the amplitude is given as P i n = |A i n | 2 , γ is the nonlinear (Kerr) parameter of the fiber, C 1,2 and L eff,1,2 are the loss-gain profiles along the propagation distance, z [18] . In (1), the subscripts 1 and 2 in this theorem are associated with the properties of P 1 and P 2 respectively. More elaborations on these mathematical symbols are given in [8, eq. (2)- (5)]. In fact, the signal-induced cross phase modulation in the loop is ignored because the RPP is substantially larger than the signal power in practice. Since the continuous wave input signal with a 200 kHz linewidth is used, the incorporating negative dispersion of DCF and SPM do not satisfy the Schrodinger equation for the soliton effects [19] . Hence for simplification, the effects of negative dispersion in (1) are ignored. As a result, the solution of this equation is straightforward and the effect of SPM on the propagating signals is the only factor considered.
Once light bouncing back and forth in a cavity round trip is completed, the signals P 1 and P 2 with different power intensities recombine interferometrically at the coupler. This yields the nonlinear output properties of transmitted and reflected beams, P t and P r as well as phase shift characteristic. As a result, the intensity imbalance in the loop is mostly proportional to the Raman amplification effect according to their corresponding splitting ratio. So from above explanation (1), it is evident that for a splitting ratio that ranges from 1/99 to 10/90 (α = 0.01 to 0.1) the power of P 1 is lower compared to that of P 2 . Therefore, P 2 is more sensitive to the power-dependent nonlinear phase difference and mainly determines whether the interference at the output coupler is constructive or destructive. As P 1 role is not considerable although its phase is changed by SPM, P 2 also governs the power and the phase shift of the output signal. Interestingly, for coupling ratios of 20/80, 30/70, 40/60, 60/40, 70/30, and 80/20 both amplified counter-propagating signals affected by SPM determine the values of P t and P r , as well as the phase of an output signal. For another case of CR = 50/50, the discrepancy among counter-propagating signals is not as significant as other coupling ratios. The reduction in the phase shift is realized since the power discrimination between P 1 and P 2 is weaker, thus resulting in the minimum interference. These parameters explain the possible selection of this coupler for 10 GHz spacing generation. Alternatively, for CR that covers from 90/10 to 99/1 (α = 0.90 to 0.99), P 1 is the main decisive factor in the phase shift values as well as output power. It is noted that when a stronger CW signal with a power ratio αP i n is co-pumped with the Raman laser source, it experiences lower loss compared to the CCW signal. Although the Raman gain profile for the weaker CCW signal increases along the fiber length, its power is low due to higher propagation loss along the fiber compared to that of the CW signal. As the SPM effects are enhanced for a stronger signal, a higher intensity mismatch is initiated. This results in more phase differences among the interacting waves as well as stronger destructive interference at the coupler which justifies the maximum level of phase shift at 99/1 coupler. As a result, this might be feasible for the 20 GHz. spacing operation. So we can conclude that the splitting ratio is a crucial factor for the output power and phase characteristics. This is because the differential Raman amplification, splitting ratio α , as well as input power P i n are responsible for an oscillatory behavior of the induced phase shift and alternative output power, P out consisting of transmitted, P t and reflected beam, P r . The intensity imbalance in the loop is mostly proportional to the Raman amplified interacting signals according to their corresponding splitting ratio. The reduction of the phase shift is achieved at the expense of weaker power discrimination between counter-propagating signals (P 1 and P 2 ). In contrast, the increase of the phase shift is associated to the higher intensity mismatch between both signals (P 1 and P 2 ). Therefore in summary, the sensitivity of NAFL response to the splitting ratio implies different inherent interference characteristic inside the coupler, which offers the best exploitation of the wavelength spacing.
In order to verify our hypothesis, an experiment is carried out based on the laser configuration as depicted in Fig. 1 . During experiment, the input BP power that is splitted by a coupler into two partial signals counter-propagates in the DCF and encounters Raman amplification. Once the stimulated Brillouin scattering (SBS) threshold power is satisfied, the two first-order Stokes signals are initiated in opposite directions with respect to the injected BP signals in the loop. As this process relies on the propagation direction, different Raman gains are induced that also result in different phase shifts due to the SPM effect. When the next threshold condition is met, they become two new BP sources that generate the second-order Brillouin Stokes signal (BSS) in similar directions to those of P 1 and P 2 . Simultaneously, the first-orders BSS also undergo Rayleigh backscattering effects that initiate a distributed feedback mirror. However, due to the intrinsic attribute of lower Raman gain for P 1 , its Rayleigh parts of first-order BSS do not grow as much as those for the first-order BSS generated by P 2 . The generation of successive orders BSS within the accessible Raman amplification bandwidth continues to develop as long as the corresponding preceding orders reach their SBS threshold condition. These cascading effects are terminated when the total gain in the laser cavity cannot surpass the cavity loss at the operating wavelengths. In parallel to this effect, the Rayleigh backscattering phenomena are also initiated synchronously from the preceding orders BS waves. In this case, the first interaction between the first-orders BSS and their Rayleigh-scattered beams occur inside the fiber loop. This process continues to exist between the next-orders BSS with their corresponding Rayleigh-scattered beams. Consequently, the resulting spectra recombine inside the coupler and then separated into two partially transmitted and reflected portions with power of P t and P r respectively. For clarification, these output beams are the results of overlapping between multiple orders BS components circulating inside the cavity. Owing to this process, by proper adjustment of the CR, the phase shift between BS components in the coupler can be varied. This results in peak power discrepancies between the odd-and even-order lasing lines which determine the required multi-wavelength spacing.
To investigate the right coupling properties required to realize 10 and 20 GHz spacing with high number of channels and acceptable OSNR, the VOC is changed from 1/99 up to 99/1. Several pumping conditions are fixed throughout this experiment that includes RPP of 1000 mW and BP power of 5 dBm. This BP wavelength is maintained at 1555 nm as it corresponds to the Raman peak gain when the first shift is initiated from the original RPU wavelength of 1455 nm. The experimental results that indicate the peak power discrepancy between the neighboring channels along the entire laser-comb bandwidth are depicted in Fig. 2 . It is important to explain clearly how these measurements are assessed by using the OSA with 0.02 nm resolution. First, all the relevant Stokes peak power (SPP) are converted from dBm to mW and their average values at each coupling ratio are calculated separately. These are then converted back to dBm where the difference between the odd-and even-order lasing channels is evaluated from their average values in dBm as shown by the inset graph in Fig. 2 . In this case, the achievement of 10 and 20 GHz wavelength spacing is defined as follows. A single wavelength spacing (10 GHz) in the spectral envelope is defined by including all lasing lines that have peak power discrepancies within 3-dB range. From this Fig., the couplers of 50/50 and 70/30 may satisfy this specification, but the symmetrical one is more favorable. These power differences grow bigger when utilizing other asymmetrical couplers due to their stronger phase difference. Moreover in order to attain the highest peak power discrepancies, the employment of 1/99 and 99/1 coupling ratios are suggested. This is the main criterion to satisfy the condition for generating double-wavelength spacing (20 GHz). However, a slight difference in power discrepancy at port 1 and port 2 as represented by black and red lines in Fig. 2 is observed. This might be due to the degree of tolerance of the output coupling ratio and dynamics of the interference that occurs among the corresponding waves. Furthermore, as the 99/1 coupler has a maximum of 17 dB peak power difference at port 2, it is chosen for further analysis of 20 GHz spacing operation as suggested earlier from the theoretical prediction. To further understand the effect of multiple interferences between the interacting spectra, two contrasts that represent different wavelength spacing at two couplers of 50/50 and 99/1 are selected from Fig. 2 . In this case, the same pumping characteristics are used and the output spectra monitored at OSA1 and OSA2 are shown by blue and red lines in Fig. 3 , respectively. When the 50/50 coupler is employed, both counter-propagating signals are strong enough with a relatively small phase difference. As the first-and higher-orders BS components are generated in both directions, interference with very small difference occurs inside the coupler. This results in the generation of 10 GHz spacing as demonstrated by the resulting spectra in Fig. 3(a) . In contrast by utilizing the 99/1 coupler, a larger portion of first-order BS component emits from port 1 and that of a smaller fraction at port 2, VOC. When the next threshold is fulfilled, an inverse phenomenon occurs where a larger portion of second-order BS component is accumulated at port 2 (OSA2) while a smaller fraction is transferred to port 1 (OSA1). As a result, the spectrum at OSA2 consists of even-orders attribute when those of odd-orders are generated at OSA1 as elucidated in Fig. 3(b) . When these sequential coherent BS components interfere at the coupler with high phase difference, the semi-destructive interference among them leads to the generation of 20 GHz spacing. Next, the relation of these couplers to the OSNR is assessed when the RPP increments are determined from 800 to 1000 mW as shown in Fig. 4 . This power range is chosen since the higher RPP provides a sufficient energy transfer from the BP to its BSS. For clarification, the average value of OSNR along the flat spectral bandwidth is evaluated by including all lasing lines that have discrepancies in peak power of less than 3-dB span [7] . The same method is used when counting the numbers of lasing lines, degree of flatness, and multi-wavelength bandwidth as will be discussed in details later. In this assessment other pumping characteristics, especially BP power and BP wavelength are maintained at similar preliminary values. From Fig. 4 , it can be inferred that with the increase in RPP, the average OSNR is reduced gradually for both CRs. This trend is influenced by the rising noise floor at higher RPP that is associated to the spectral broadening phenomenon on each lasing line caused by turbulent waves [20] . From this Fig., the maximum average OSNR for 99/1 coupler is 27 dB at port 1 before decreases slightly to 26 dB at port 2 when the RPU is set at 800 mW. On the other hand for 50/50 coupler, OSNR values also indicate a small reduction within 0.5 dB-range from the original 19.5 dB-level at OSA1 when referring to the signals at OSA2. Also when the RPU is set at 1000 mW, the maximum average OSNR is 18 and 25.5 dB for 50/50 and 99/1 couplers at port 1, respectively. The OSNR reductions between 0.5 dB and 1.5 dB are measured at another port. Therefore from the results obtained, the attainment of efficient single-and double-wavelength spacing with excellent OSNR qualities can be realized when the spectra are taken from port 1 (OSA1) at all RPP values. Owing to this fact, the next analysis is focused solely on data acquired at OSA1.
In order to obtain the highest number of BSL with a high OSNR, the optimization of injected BP power and RPP is also carried out as shown in Fig. 5 . With reference to the previous assessment explained in Fig. 4 , the RPP range and BP wavelength are fixed at the same values while the BP power is changed from −2.6 to 5 dBm. The results obtained demonstrate that the number of Stokes lines increase with the RPP increment due to the higher energy transference from the RPU to the BP power for both coupling ratios. In contrast, the reduction number of Stokes line is observed by increasing the BP power from −2.6 to 5 dBm. In this case, when the RPP is set at 1000 mW the number of lines decline from 216 to 206 and 110 to 91 lines for both couplers of 50/50 and 99/1 respectively. This can be attributed to the optimization of Raman gain at lower BP power where its gain saturation is fulfilled faster at higher BP values.
In Fig. 6 , the relationships between BP wavelengths with the number of Stokes lines and multiwavelength bandwidths are investigated. The RPP is fixed at 1000 mW and the BP power is maintained at the optimum value of −2.6 dBm. From this Fig., the bandwidth and number of channels are inversely proportional to the BP wavelength for both coupling ratios since the residual Raman gain bandwidth becomes narrower [6] . This is better understood by referring to the amplified spontaneous emission (ASE) noise at both coupling ratios as depicted in the inset of Fig. 6 . The characterization is done when the RPP is set at 1000 mW with the absence of BP signal. The curve feature explains the maximum attainment of lasing lines at 1540 nm BP wavelength but not at that relates to the Raman peak gain. In fact, the continuous decline in the number of channels is realized although the spectral power remains similar for the entire BP wavelength range. When employing the 3-dB coupler that induces single-wavelength spacing, a maximum of 443 Stokes lines is attained with considerably uniform peak power. These are produced over 34.8 nm bandwidths when the BP wavelength is set at 1540 nm as depicted in Fig. 7 . In contrast for the 99/1 coupler that results in double-wavelength spacing, maximum Stokes lines of 215 are achieved over 32.5 nm bandwidths at the same BP wavelength (see Fig. 7 ). The optimum number of lasing lines cannot be generated when the BP wavelength is detuned to the region of lower than 1540 nm for both coupling ratios. This is because at a shorter wavelength span, more energy is required for the initiation of wider multichannel lasing bandwidth. This latter attribute is influenced by the wavelength dependencies on BP and stimulated Raman scattering (SRS) bandwidths. A higher Raman gain might broaden the SRS bandwidths, however the build-up of self-lasing cavity modes cannot be efficiently suppressed at this band-edge due to the lower property of Raman gain. This validates the limitation in wavelength operation as shown in Fig. 6 . Besides this, it can be claimed that by employing a 50/50 coupler, the ASE spectrum shows a higher gain profile in comparison to that when a 99/1 coupler is applied. A higher Raman gain leads to a more energy transfer from Raman pump waves to the BSL which may result in increments of the number of channels and multi-wavelength bandwidth as well. This proves the multi-wavelength bandwidth enhancement as observed in the 50/50 coupler (see green and blue dashed lines in Fig. 6 ).
For a visual study, their spectral features are illustrated in Fig. 7 together with the corresponding magnified profiles that are included in the inset graphs. From this Fig., it can be seen that employing the 50/50 coupler also yields an average output peak power of −13.5 dBm and 16.5 dB OSNR. Although, excellent results in [5] present over 500 Stokes lines at 10 GHz spacing across 40 nm bandwidth, it suffers from diminished OSNR and low output peak power. On the contrary, the employment of 99/1 coupler produces an average of −9 dBm output peak power with 24 dB OSNR. In this case, its lasing performances are comparable to our previous study for 20 GHz spacing that produces 212 BSL over 29 nm wavelength range [7] . On the other hand, we need to emphasize that the generated Stokes in OSA1 and OSA 2 in this study are completely different to the results achieved in [8] . This is because the generation of 10 and 20 GHz spacing in a single cavity dimension are produced through overlapping effects in opposite directions inside the variable optical coupler. The feedback is initiated by multiple Rayleigh scattering and efficient operation is achieved up to a Watt pump power level. However, the feedback in our previous assessment [8] is attained through a reflective mirror at port 2 which leads to 10 GHz. spacing at all pump-coupling distribution. When incorporating a 99/1 coupler, the optimized operation is satisfied at just a few hundreds mW RPP. As a result, a maximum of 28 lasing lines are realized with 17 dB OSNR. In summary, the results achieved in this paper offer superior advantages especially enhanced flexibility and functionality due to switchable wavelength spacing capability. To date, no any report on this topic is available for comparison when implementing MBRFL structure except in [21] where less than 20 Stokes and anti-Stokes lines are generated at both wavelengths spacing operation. Other favorable properties include reasonably tunable and wide multi-wavelength bandwidth, high number of channels with good OSNR and high Stokes peak power in comparison with other previous works [5] - [8] , [3] - [15] , [17] , [21] , [22] . It is noted that, the results achieved in [23] - [25] shows tunable multiwavelength fiber lasers from different gain media. The generated Stokes attributes with regards to number of channels (ࣘ16) and multi-wavelength bandwidth (∼2 nm) are not comparable to our results. In addition, there is no development for switchable MBRFL in the C band with high quality properties. So to the best of our knowledge, our scheme resolves previous problems for MBRFL especially with respect to wavelength operation, Stokes peak power, and complexity.
Conclusion
The novelty of this work is the utilization of a NAFL structure with various coupling ratio as a decisive elements in determining the wavelength spacing between the BSL. The main objective of generating switchable wavelength operation from 10 to 20 GHz with outstanding performances through a simple arrangement has been successfully fulfilled. The incorporation of a 50/50 coupler satisfies the generation of single-wavelength spacing due to its minimum destructive interference. In addition, when the CR is set at 99/1, double-wavelength spacing is produced due to its maximum destructive interference. Our achievements present excellent lasing performances such as high number of channels, good OSNR, and high Stokes peak power. Other remarkable qualities include wide multiwavelength bandwidth as well as wavelength tunability. In conclusion, better understanding of these physical insights might introduce a more improved version of this class of laser that is favorable for multiple channels applications that include optical communication and sensing.
